The formation energy of a structure is usually increased by the appearance of a defect. A stoichiometric planar defect structure of the wurtzite AlN ͑1010͒ surface, however, is found to be lower in energy than the ideally truncated surface by first-principles calculations. The intriguing phenomenon is directly attributed to the large scale surface relaxation induced by the defect structure and the intrinsic reason is pointed to the strong ionicity and small c / a ͑lattice constant ratio͒ of AlN. A suggested growth mode shows that the defect surface structure is compatible with the growth of the correct wurtzite AlN film on the ͑1010͒ plane.
AlN is usually partially regarded as a wide band gap semiconductor which has potential applications in ultraviolet emitters, lasers, and high-mobility transistors, and partially regarded as a substrate or buffer layer for the growth of III-nitrides and their alloys.
1-4 Many of these applications are related to surface properties; study of the AlN surface is thus necessary. Theoretical study of the AlN nonpolar ͑1010͒ surface is insufficient comparing to the well-studied polar ͑0001͒ and ͑0001͒ surfaces. [5] [6] [7] Works on it are merely limited to the clean surface. 8, 9 However, it plays an important role for AlN. Much attention has been paid to the epitaxial growth of AlN films on the ͑1010͒ plane to avoid the large polarization field in polar film. 10, 11 Detailed study of the ͑1010͒ surface structure is helpful to understand the mechanism of film growth and the formation of some defects. The ͑1010͒ surface is also generally reported to be the main component of the lateral facets of AlN nanowires and nanotubes. [12] [13] [14] Study of the surface property is especially important for these nanoscale materials.
In this Brief Report, a stoichiometric planar defect surface ͑PDS͒ structure of the wurtzite AlN ͑1010͒ surface is studied by first-principles methods. It is interesting that our calculation outcomes reveal that the PDS is lower in energy than the ideal AlN ͑1010͒ surface. It thus should be the general structure of the AlN ͑1010͒ surface. However, this phenomenon does not occur for GaN and InN. 15 The origin is explored and a growth mode is suggested to show that the PDS does not influence the growth of the correct wurtzite AlN film on the ͑1010͒ plane.
The wurtzite ͑1010͒ surface is characterized by cation and anion dimers, as shown in Fig. 1͑a͒ , with one dimer in each unit cell. The PDS structure concerned in this work is shown in Fig. 1͑b͒ . It can be constructed by exchanging the Al and N atoms in the top two layers of the ͑1010͒ surface and translating them along the ͓0001͔ direction by c / 2. The PDS structure does not involve any error bonds except for the variations in bond angles. The structure feature that should be noted is that the top view of the PDS is the same as that of the ideal ͑1010͒ surface. Variation can only be seen from the side view, in which the original sixfold rings become fourfold and eightfold rings.
The density functional theory calculations are performed within the generalized gradient approximation of Perdew and with the projector augmented wave ͑PAW͒ 20 method to confirm some results. The energy cutoff for the basis function is 500 eV for AlN and 700 eV for GaN and InN. We employ Monkhorst-Pack sampling scheme with k-point mesh of 5 ϫ 8 ϫ 1. 21 The slab models are built containing 16 atomic layers with 12 Å vacuum space separating the slabs. The top four layers at both sides of the slabs are allowed to relax by minimizing the quantum mechanical force on each ion site to be less than 0.01 eV/ Å. The other layers are fixed in the optimized bulk configuration. Test calculations show that the cell size is converged.
Relaxation of the ideal ͑1010͒ surface of III-nitrides has been well studied. 9, 22, 23 The top layer bond rotation angle and bond constriction ⌬b are usually used to characterize the relaxation magnitude. It can be seen from the representations shown in Fig. 1 and the data given in Table I that the PDS follows the same relaxation mode as the ideal ͑1010͒ surface, but both and ⌬b of the PDS for all the three semiconductors are larger. This result can be understood from the symmetry of the defect structure. Each four atomic layers can be regarded as a unit cell of the ͑1010͒ surface model, the three-dimensional view for which is inserted in Fig. 1͑a͒ . If the top four layers of the PDS model are also treated as a unit cell, the three-dimensional view for which is inserted in Fig. 1͑b͒ , it has the same atomic configuration along the ͓1010͔ and ͓0001͔ directions, but the lengths of the initially constructed model are ͱ 3a and c, respectively, along the two directions. Because the c / a is usually smaller than ͱ 3, the PDS tends to expand in the ͓0001͔ direction and large compressive stress is induced, which makes the relaxation magnitude of the PDS is larger than that of the ideal one. Moreover, the c / a of both GaN͑1.630͒ and InN͑1.618͒ are larger than that of AlN͑1.603͒, closer to ͱ 3, so the discrepancies in relaxation magnitude between the PDS and the ideal surface for GaN and InN are less than that for AlN.
The formation energies of the ideal and the defect ͑1010͒ surfaces for AlN, GaN, and InN are also given in Table I . It is interesting that the PDS for AlN is 10 meV lower in energy than the ideal one. This result disobeys the general idea that the appearance of a defect will increase a structure's formation energy. Calculations are performed again with the PAW method to validate this result and consistent consequences are obtained by the two methods. The intriguing phenomenon can be understood from two aspects. On one hand, the formation energy of the PDS model is increased by the undesired bond angles induced by the defect structure. On the other hand, it is decreased by the large scale surface relaxation ͑compared to that of the ideal surface͒. The energy decrease due to surface relaxation can be certified from the downward shift of the occupied N-related A 5 band in Fig. 2 , although the ion-ion interaction is not included here. The final result depends on which of the two contrary aspects is stronger. The calculation outcomes indicate that the decreasing effect is stronger for AlN.
In the cases of GaN and InN, the formation energies of PDS, however, are 52 and 65 meV higher than those of the responding ideal surfaces. This result is consistent with a previous report 15 but contrary to that for AlN. It can be also understood from the above two aspects affecting energy. According to Pauling's ionicity scale, 24 GaN͑0.486͒ and InN͑0.496͒ are more covalent than AlN͑0.550͒, so the bond energies of GaN and InN are more sensitive to bond angles, and the energy increased by the undesired bond angles is larger. On the other hand, because the discrepancies in relaxation magnitude between the PDS and the ideal surface for GaN and InN are small, the energy decrement due to surface relaxation is less, as shown by the obscure downward shift of the A 5 band in Fig. 2 . Hence the energy increment is larger than the decrement for GaN and InN. We can further conclude that the intrinsic origin of this intriguing phenomenon which occurs only for AlN is the strong ionicity and small c / a of AlN based on the two factors affecting energy, The ͑1010͒ surface can also appear as the lateral facets of the AlN nanowire, so calculations are performed for AlN nanowires with ideal and planar defect lateral facets, respectively, to do a further verification of our result. As shown in Fig. 3 , the difference in the top views of their cross sections is that a uniform Al or N plane is seen for the ideal AlN nanowire, but the atoms at the edge and interior are different for the defect one. Periodic models are built with 10 Å lateral vacuum space separating the nearest two ones. The unit cell is one c long, containing 108 atoms. The lateral area of each nanowire is about 18 times of the area of ͑1 ϫ 1͒ ͑1010͒ surface. After full relaxation, the formation energy of the nanowire with defect lateral surface is 250 meV lower than that of the ideal one. Our result, therefore, is confirmed again. Because the surface stress can be further released on the small nanowire, the energy discrepancy here is over 18 times larger than that of the ͑1010͒ surface primitive cell.
It can be concluded from the above discussion that the PDS should be the general structure of the AlN ͑1010͒ surface. However, another problem rises at the same time, which is how the correct wurtzite AlN film is grown on the ͑1010͒ plane. Surface relaxation is the origin of energy decrease for the PDS, but the relaxation mainly occurs on the surface layer. So we can predict that when additional atoms are adsorbed on the defect surface, large scale relaxation will disappear and the defect structure will not be energy favorable. This prediction is validated by our calculations. When N, Al atom, or AlN layer is adsorbed, the formation energy of PDS is 306, 208, or 280 meV/ ͑1 ϫ 1͒ higher than that of the ideal surface. The growth periodicity of the ͑1010͒ film includes two atomic layers, which are marked by layer A and layer B in Fig. 1 ͑the layer A ended surface is unstable because it contains two times higher density of dangling bond͒.
The adsorption of layer A retrieves the correct wurtzite film from the defect structure. The adsorption of layer B makes the planar-defect structure relapse. The possible process of structure transformation is marked by arrows in Figs. 1͑a͒ and 1͑b͒. Repeating in this way, the planar-defect structure always appears at the layer B ended surface, but it does not influence the growth of the correct wurtzite AlN film on the ͑1010͒ plane. However, it is a pity that this defect ͑1010͒ surface structure has not been reported in experiment as far as we know. The reason might be that the PDS has the same top view as the ideal surface, which makes it hard to be seen in the experiment. We hope that it will be found from a high-resolution view of the cross section of the AlN nanowire.
An important problem with the AlN polar film is the general appearance of high density extended defects, many of which are related to the ͑1010͒ plane. 25, 26 Previous reports suggest that the epitaxial growth of III-nitrides on the substrate of sapphire and SiC follows the three-dimensional island growth mode but not the two-dimensional layer-bylayer mode because of a large lattice mismatch. 27, 28 The planar-defect ͑1010͒ surface may be an important component of the subgrain lateral surface. It disables perfect junction of the subgrains and an extended defect is thus produced.
In conclusion, the planar defect AlN ͑1010͒ surface concerned in this Brief Report is energetically stable. The intriguing phenomenon is directly attributed to the large scale surface relaxation induced by the defect structure, and the intrinsic reason is the strong ionicity and small c / a of AlN. The PDS thus should be the general structure of the AlN ͑1010͒ surface. The suggested growth mode shows that the defect-surface structure is compatible to the growth of the correct wurtzite AlN film on ͑1010͒ plane. The general appearance of extended defects in the AlN polar film may be also related to the defect structure of the AlN ͑1010͒ surface. 
